Graded-Index Integrated Photonics by Gabrielli, Lucas
Graded-Index Integrated Photonics
A Dissertation
Presented to the Faculty of the Graduate School
of Cornell University
in Partial Fulﬁllment of the Requirements for the Degree of
Doctor of Philosophy
by
Lucas Heitzmann Gabrielli
August 2012
© 2012 Lucas Heitzmann Gabrielli
Graded-Index Integrated Photonics
Lucas Heitzmann Gabrielli, Ph.D.
Cornell University 2012
Lead by the theory of Transformation Optics and developments in metamaterials, the ﬁeld
of complex structures is growing in importance in the scientiﬁc community. In optics, those
concepts add design ﬂexibility to graded-index devices, but fabrication of high refractive
index contrasts at the nanometer scale is still challenging. In this work we propose three
fabrication techniques for high contrast graded-index integrated photonics using only dielec-
tric materials. By avoiding metals and resonant nano-structures we are capable of broad
wavelength ranges of operation. Using our fabrication platforms we show how graded-in-
dex media can be used to improve existing nanophotonic devices and enable new features
in optical systems. Three devices are demonstrated: ﬁrst, an invisibility cloak that hides
a region of space from any external observer. It is implemented with the help of eﬀec-
tive material theory and it is composed of nanometer-size silicon pillars. Second, we show
that by using a graded-index Luneburg lens to mediate the coupling between optical ﬁbers
and highly conﬁned channel waveguides, we can decrease the sensitivity to misalignment in
ﬁber-to-chip couplers. Finally, an optimization algorithm tailored to Transformation Op-
tics in dielectric-only graded media is developed and used to design a multimode waveguide
bend with minimal mode conversion. Fabricated via grayscale electron beam lithography,
this demonstration enables the utilization of multimode waveguides for integrated photonics
and leverages their advantages over the single mode ones, such as lower propagation loss and
higher numerical aperture, without the issue of modal dispersion. Low modal conversion
also points towards the possibility of mode multiplexing in future optical interconnects, a
path to increase the bandwidth of conventional wavelength-multiplexed systems by folds.
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11 Introduction
W ithin the ﬁeld of electromagnetism, the use of homogeneous media by far domi-nates the design and analysis of devices. The decomposition of the ﬁelds in plane
waves in the bulk, either travelling or evanescent, associated with the boundary conditions
at the interfaces between diﬀerent materials gives not only a complete, but also intuitive
description of the electromagnetic ﬁelds in homogeneous media. From the understanding of
the ﬁeld behavior in simple problems, such as transmission and reﬂection at parallel inter-
faces, we are able to predict to a great extent the result of more complex structures, such as
1 This dissertation uses materials with permissions from:
L. H. Gabrielli, J. Cardenas, C. B. Poitras, and M. Lipson, “Silicon nanostructure cloak operating at optical
frequencies,” Nature Photonics, vol. 3, no. 8, pp. 461-463, Jul. 2009, DOI: 10.1038/nphoton.2009.117.
L. H. Gabrielli and M. Lipson, “Transformation optics on a silicon platform,” Journal of Optics, vol. 13, no.
2, p. 024010, Feb. 2011, DOI: 10.1088/2040-8978/13/2/024010.
L. H. Gabrielli and M. Lipson, “Integrated Luneburg lens via ultra-strong index gradient on silicon,” Optics
Express, vol. 19, no. 21, p. 20122, Sep. 2011, DOI: 10.1364/OE.19.020122.
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tightly conﬁned slot waveguides or photonic bandgap mirrors. The advantages of working
with simple media and those insights are clear in the myriad of advances we have made in
all areas dealing with electromagnetism, from antennas to transmission lines and integrated
electronics.
Nevertheless, if constraining our design space to homogeneous media allows us to
beneﬁt from useful insights and readily available analysis tools, it also separates us form the
rich and still quite unexplored universe of solutions within inhomogeneous media. Intuitively,
the addition of this degree of freedom should lead to improvements in existing devices and
discovery of new features impossible to be achieved otherwise.
Examples of designs using non-homogeneous media, although few, do exist in both
the scientiﬁc literature and commercial devices, most notably in graded-index (GRIN) optical
ﬁbers [1–6] and lenses [7–10]. It is understandable why GRIN media is not often employed
in other electromagnetic devices for two main reasons: ﬁrst, the design and analysis of
inhomogeneous materials is more diﬃcult, more computationally expensive, and less intuitive
than their homogeneous counterparts; and second, the fabrication of such materials generally
requires more complex processes, which are usually more expensive as well, when at all
feasible.
The successful development of GRIN ﬁbers and rod lenses illustrates the points above.
The use of inhomogeneous materials led to improvements of existing devices—as in the
case with optical ﬁbers, where lower dispersion is possible with quasi-parabolic core pro-
ﬁles [2]—and was only possible because of advances in ﬁber fabrication techniques [3, 6].
The new fabrication methods allowed for the control of the refractive index of ﬁbers or rod
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lenses as a function of their radial position, which means that the designed GRIN media must
axisymmetric. This geometrical constraint, coupled to the fact that the refractive indices in
glass ﬁbers vary less than a few percent at most, enabled the analysis of these media and
successful design and optimization of the ﬁbers and lenses.
Without further advances in fabrication capabilities or theoretical tools to treat in-
homogeneous media, interest declined in the ﬁeld of GRIN devices. However, in 1996 Ward
and Pendry rediscovered the equivalency of geometry and media in Maxwell’s equations [11]
(previously found in [12, 13]), and proposed that it could be used in numerical algorithms to
deal with complex geometries by transforming the coordinate system into a simpler one to
solve and using a corresponding renormalization of the constitutive material parameters. A
decade latter the strength of this theory, now known as Transformation Optics (TO), would
be brought about by several authors [14–17], and would be used to design and analyse a
number of novel devices, many impossible to be obtained without the use of complex inhomo-
geneous media. Among those, the optical invisibility cloak is probably the most famous and
the one that received most attention from both the scientiﬁc community and general media
due to the its vast application possibilities, such as camouﬂage in military environments.
If on the theoretical side TO gave a new breath to the design of GRIN devices, it would
have been short-lived had developments in fabrication not allowed the demonstration of ar-
tiﬁcially structured materials (or metamaterials) around the same time [18–22]. Because the
fabrication of GRINmetamaterials is still challenging today in optical and infrared frequencies
the ﬁrst demonstrations of GRIN devices were achieved in longer wavelengths, namely radio
frequencies (RF) and microwaves, where length scales are several orders of magnitude larger,
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enabling the realization of precisely engineered material properties, including inhomogeneity
and anisotropy.
1.1 Objective and Dissertation Structure
In this context, our goal is to demonstrate the beneﬁts of GRIN devices in the ﬁeld of
integrated optics and, at the same time, develop a viable platform for fabrication and in-
tegration of such devices in future generations of nanophotonic chips. Because of the scale
of the wavelengths in optical ﬁelds, the availability of GRIN metamaterials is scarce, thus
we chose diﬀerent fabrication routes to create eﬀectively inhomogeneous media. Our tech-
niques provide less design freedom than arbitrary metamaterials, which creates additional
constraints to the TO design process, but it allows for the demonstration and analysis of
high-contrast GRIN devices that can be integrated with the current silicon platform.
Initially, a review of the general TO theory will be presented in chapter 2. We will
show that the geometry of space and the constitutive parameters of material have the same
eﬀect on electromagnetic waves, therefore we can freely replace one for the other. In other
words, by carefully tailoring material parameters, we are able to create or correct geometrical
distortions for electromagnetic waves and control their ﬂow at will. Latter, from section 2.3
forward, we will introduce our material system and fabrication methods, deﬁning the addi-
tional constraints in our GRIN device designs.
The following three chapters will demonstrate the use of our fabrication platforms via
diﬀerent GRIN devices. First we will demonstrate the cloaking eﬀect in the optical domain
in chapter 3 by rendering a region of space undetectable to an external observer, where any
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object can be safely hidden, regardless of its material composition. Following that, chap-
ter 4, will show an example of integrated GRIN lens used to improve the coupling robustness
of integrated channel waveguides with silicon to optical ﬁbers. This aberration-free and
comma-free lens, called a Luneburg lens, decreases the alignment sensitivity between ﬁber
and waveguide, a key characteristic for mass production and commercialization of packaged
integrated photonic chips. The last demonstrated device, in chapter 5, is an integrated
multimode waveguide bend with minimal mode conversion. This bend allows for compact
routing of waveguides with both wavelength- and mode- multiplexed channels, increasing
their transmitted data bandwidth by folds. Finally, in chapter 6 we will draw the main con-
clusions from the achieved results and present future directions and opportunities emerging
from this work.
62 Transformation Optics
The theory of TO is a powerful design tool for GRIN devices, because it allows us tofreely mold the ﬂow of radiation by deforming a virtual space where it propagates.
Once the desired deformation (or, more precisely, coordinate system transformation) is found,
we are able to translate it into an inhomogeneous material, which will give the same radiation
pattern in real space as in the deformed virtual space [14–17, 23–25].
The idea that the geometry of space and media are closely related is not new [12, 13].
We know that the measure of distance in geometrical optics is weighted by the refractive index
of the materials, a fundamental concept in Fermat’s Principle, for example. When we look
at it in a more fundamental level, the role of materials is found explicitly in the constitutive
relations between the electric and magnetic ﬁelds, ~E and ~H, and the ﬂux densities, ~D and
~B, via the permittivity and permeability tensors ε¯ and µ¯ of the medium.
Transformation Optics
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~D = ε0ε¯ ~E
~B = µ0µ¯ ~H (2.1)
It is less obvious, at ﬁrst glance, to notice the eﬀects of space geometry (or, more generally,
space-time geometry, although we will not discuss time transformations or relativity eﬀects
is this work), but looking at Maxwell’s equations we ﬁnd them included in all diﬀerential
operators. The deﬁnitions of curl and divergence take into account the coordinate system
to which the vectors belong, a fact reﬂected in the usual deﬁnitions of those operators for
Cartesian, cylindrical, and spherical coordinates.
∇ · ~D = ρ ∇× ~E = −∂
~B
∂t
∇ · ~B = 0 ∇× ~H = ∂
~D
∂t
+ ~ (2.2)
The interplay between the two, geometry and medium, can be found by rewriting empty
space Maxwell’s equations (2.2) in arbitrary coordinates and comparing it to macroscopic
Maxwell’s equations in conventional Cartesian coordinates [24, 25]. Because these two sets
of equations have the same form, we can freely interpret a Cartesian space ﬁlled with some
material as empty curved space and vice-versa, i.e., we can design a device, for example a
bend, by bending a virtual empty space, where radiation naturally propagates in a curve, and
not in straight lines, but then interpret the equations governing the bent space as equations
for real Cartesian space embedded in some inhomogeneous material. In the end we have the
recipe for a dielectric medium that bends radiation, as would a waveguide, but, as we will
see, without relying on interface eﬀects, such as total internal reﬂection.
Transformation Optics
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The following section will present a formal derivation of the equivalency between
media and geometry in Maxwell’s equations following [24, 25]. A more detailed and thorough
derivation can be found in those references. Latter we will discuss the feasibility of this
theory and how it can be employed in the design of electromagnetic devices with the help of
metamaterials. From section 2.3 onwards we will introduce the capabilities and limitations
found in the optical domain and the constraints it introduces in the general TO design.
2.1 Theoretical Derivation
Using a tensor notation with Einstein’s summation and range conventions, Maxwell’s equa-
tions in empty space and arbitrary geometry read [24, 25]:
(√
ggijEj
)
,i
=
√
g
ρ
ε0
[ijk]Ek,j = − ∂
∂t
(±√ggijBj)
(√
ggijBj
)
,i
= 0 [ijk]Bk,j = µ0ε0
∂
∂t
(±√ggijEj)+ µ0√gji (2.3)
The comma in the subscript indicates the diﬀerentiation of a vector component V j ,i = ∂V
j
∂xi
,
whereas the permutation symbol [ijk] is deﬁned as +1 for even permutations of 123, −1 for
odd permutations, and 0 otherwise; gij is the inverse metric tensor of the coordinate system,
and g = det gij . The sign + (−) is chosen for a right-hand (left-hand) coordinate system.
Now we write the macroscopic version of Maxwell’s equations in right-handed Carte-
sian coordinates:
Di,i = ρ [ijk]Ek,j = −∂B
i
∂t
Bi,i = 0 [ijk]Hk,j =
∂Di
∂t
+ ji (2.4)
Transformation Optics
9
Equations (2.3) can be written in the same form as (2.4) if we rescale the charges and current
densities and use the constitutive relations:
Di = ±ε0√ggijEj
Bi = ±µ0√ggijHj (2.5)
which are equivalent to (2.1) if we equate the material parameters of the medium to:
εij = µij = ±√ggij (2.6)
This equation explicitly translates a curved space geometry deﬁned by its metric tensor into
the permittivity and permeability tensors of an impedance-matched medium in Cartesian
coordinates (by impedance-matched we mean that ε¯ = µ¯, so that the impedance of the
material is the same as free-space). The same can be done between two curved spaces, but
that is not necessary for the applications intended.
The consequence of the equivalence between geometry and media, and the reason
why TO is such a powerful design tool, is that it gives us freedom to tailor the ﬂow of elec-
tromagnetic radiation via spacial deformations. We can deform the geometry of space by
contracting or expanding it, introducing bends, or even tearing it apart, and the electro-
magnetic waves will propagate according to those same deformations. Then we can replicate
this deformed geometry in Cartesian space by ﬁlling it with a medium described by (2.6), so
that the waves are still governed by the same set of equations, thus propagating exactly as
they would in the deformed space, as illustrated in ﬁgure 1, but now in real Cartesian space.
Transformation Optics
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A B C
Figure 1 Medium and geometry interplay in TO. (a) In empty space plane waves will
propagate in straight lines, represented by the red arrows (power ﬂux). (b) When the
geometry of space is deformed, the electromagnetic waves will follow that same deforma-
tion—we can think in terms of light rays following the deformed grid, or geodesics, of the
coordinate system. (c) Using media prescribed by (2.6), we can remove the deformation
of space while preserving the wave propagation characteristics of the deformed geometry.
In essence, the design via TO is done by deﬁning and optimizing a coordinate trans-
formation that maps Cartesian space (or possibly other curved geometries) into the desired
virtual space. Once this transformation is found, (2.6) produces a material parameter map
that must be implemented to create the virtual geometry. It is useful to gather some in-
tuition on the coordinate transformation and what material parameters it might produce
in order to accelerate and guide the design process. If we look at 2-dimensional coordinate
transformations and their “grid” representations (by drawing the geodesics of the coordinate
systems, such as in ﬁgure 1) we will ﬁnd that, in broad terms, the magnitude of the material
parameters is inversely proportional to the local scaling of the transformation, that is, in
regions where the grid cells are squeezed we expect higher values for the material parame-
ters, and the opposite for expanded areas. Hence if we compress a ﬁnite area into a point
so that light converges into it, we expect the parameters at this point to diverge to inﬁnity.
We will also ﬁnd that the amount of anisotropy in the tensors is related to the distortion
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of the “grid” cells, i.e., how tilted or irregular the originally square cells become after the
transformation. These two simple rules of thumb help give a good idea of what to expect
from the transformation media parameters, given the geometrical deformation.
2.2 Metamaterials
The power and freedom allowed by TO does not come for free. The material prescription (2.6)
indicates that in the general case the constitutive parameters of the transformation medium
are not only inhomogeneous, but also anisotropic, and in extreme cases, can reach unnat-
ural and singular values. The extreme diﬃculty in creating such media with conventional
materials is probably the main reason why the theory of TO remained unused from its ﬁrst
appearances [12, 13] to 2006 [14, 16].
However, around the mid 1990’s the idea of metamaterials was starting to come into
shape [18, 26], inspired, at ﬁrst, by the quest for materials with simultaneously negative
permittivity and permeability [27–34]. In essence, metamaterials are artiﬁcially structured
materials with tailored electromagnetic responses. The structures embedded in the material
have dimensions usually smaller then the wavelength of operation, but not so small as to
fall into the eﬀective material regime, and show resonances around that same wavelength.
The classical example of resonant structured metamaterial is the split-ring resonator [26, 28,
29], illustrated in ﬁgure 2. The presence of resonances, both electric and magnetic, gives the
metamaterial an extended range of possible constitutive parameters, all the way from very
large values down to negative, passing of course through eﬀective zero electric and magnetic
responses.
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Figure 2 Illustration of metamaterial composed of an array of split ring resonators.
These structures, smaller than the wavelength of operation, are responsible for the reso-
nant electromagnetic responses of the metamaterial and its tailored eﬀective permittivity
and permeability constants. The plots on the right illustrate the expected material re-
sponse around resonances. Note that losses can become a problem in resonant metama-
terials.
This unprecedented design freedom gave birth to a multitude of new ideas in the
ﬁeld of applied electromagnetism, including lumped elements for optical circuits [35–38] and
super-lensing [39–43]. But more importantly for TO, it provided the key to implementing
transformation media, via careful tailoring the embedded metamaterial structures to form
the required inhomogeneous designs [19, 44]. The results from the symbiotic relation between
TO and metamaterials are clear in the many examples of innovative devices demonstrated
in the past years [44–47].
2.3 Transformation Optics in Optical Frequencies
From the many applications of TO, invisibility cloaks are certainly the most cited and in-
vestigated, and, although useful in microwave frequencies for security and communication
applications, the idea of cloaking is specially attractive at optical wavelengths. The same
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also applies to other devices, such as super-lenses or broadband concentrators with ultra-high
numerical aperture, and as such, there is special interest in employing TO optical frequencies.
On the other hand, classic metamaterial fabrication is very challenging at such small
scales, where conventional techniques for integrated photonics are tailored to homogeneous
ﬁlms and planar structures in general. It was not until 2008 that a successful demonstration
of metamaterials in the optical domain was obtained [48], and even then, the material is still
homogeneous and lossy, due to the nature of metals at optical frequencies. While advances
in 3-dimensional patterning show promising results for the future of optical metamateri-
als [49–51], the achievable length scales are not yet small enough to provide the required
ﬂexibility for media fabrication with a wide range of parameters in terms of inhomogeneity
and anisotropy [52].
With those limitations in mind, additional constraints must be introduced in the
TO design to avoid impossible material requirements. These constraints are directly related
to current optical fabrication capabilities, in special the diﬃculty in controllably creating
inhomogeneous ﬁlms via deposition, diﬀusion or implantation. Still, it is possible to fabricate
signiﬁcantly high-contrast GRIN media in optical frequencies without the need of resonant
metamaterials. The fabrication platforms we developed use either material homogenization
or waveguide dispersion to produce eﬀective material gradients, allowing us to demonstrate
TO in near infrared wavelengths.
In the following subsections we will explain the constrains and approximations neces-
sary to bring TO to optical frequencies, and later, in section 2.4, the details of the fabrication
platforms will be shown.
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2.3.1 Planar Devices
The ﬁrst requirement of our fabrication platforms is that the design must be 2-dimensional.
Conventional micro- and nano-fabrication technologies are based on deposition and pat-
terning of thin ﬁlms, so it natural that planar devices are more readily achievable than
3-dimensional structures. Although in some cases 3-dimensional structures would be pre-
ferred (such as the case for a perfect invisibility cloak), in many areas—and specially for
applications in optical interconnects—planar devices provide suﬃcient degrees of freedom to
solve the design problem at hand, as we will see in the following chapters.
By using TO in 2 dimensions (we deﬁne zˆ as the direction perpendicular to the design
plane and, consequently, ∂∂z = 0), the material parameter tensors (2.6) will have the forms:
ε¯ =

εxx εxy 0
εyx εyy 0
0 0 εzz

µ¯ =

µxx µxy 0
µyx µyy 0
0 0 µzz

(2.7)
In such case, the solutions to the 2-dimensional Maxwell equations can be divided in 2
classes: transverse electric (TE) and transverse magnetic (TM). In the former the electric
ﬁeld is perpendicular to the propagation plane, and in the latter the magnetic ﬁeld.
As will become clear later on, by employing planar TO design we are left with the third
dimension as a degree of freedom in the actual implementation of the designed 2-dimensional
transformation media into a 3-dimensional device.
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2.3.2 Slowly Varying Parameters
As showed in section 2.1, TO designs are impedance-matched to empty-space. If on the one
hand this means that the devices will present no reﬂections, on the other it also means that
the transformation media will require equal electric and magnetic responses. For metamate-
rials this can be achieved by designing structures with both magnetic and electric resonances,
such as double split ring resonator.
In optics however, because fabrication of such nano-structures is not yet an option
and natural materials have no magnetic response, a second requirement rises, which is that
the constitutive tensors vary slowly compared to the wavelength scale across the medium.
In this case, the tensors can be approximately commuted with the curl operator in the wave
equation, such that we are left only with the product n¯2 = µ¯ · ε¯, i.e., the media can be
described by a refractive index tensor, which is a function of the position on the propagation
plane n¯(x, y).
Concretely, that means that both electric and magnetic responses are absorbed by
a single parameter, which due to the lack of magnetic materials at optical frequencies, will
be the electric permittivity, while the permeability will remain 1. As a result, the devices
will no longer be necessarily impedance matched to their surrounding, so reﬂections at the
boundaries might occur. These, however, can be addressed in the device design and do not
represent a major limitation.
2.3.3 Isotropy and Index Range
The ﬁnal requirement from our platforms concerns the refractive indices we are capable of
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obtaining. Without the enhancements from resonant structures, we employ homogenization
and wave guiding as strategies to obtain GRIN media. Consequently, the range of indices we
can achieve are necessarily bound by the highest and lowest bulk material indices we have
available for fabrication. Nevertheless, avoiding resonant metamaterials also results in a
valuable beneﬁt: the devices have inherently broad wavelength bandwidth. The wavelengths
of operation will generally be limited by material dispersion, homogenization condition, or the
slowly varying parameters approximation discussed before, all of which aﬀect performance
much slower than resonances.
Additionally, we chose to optimize our TO designs to generate isotropic or quasi-isotropic
materials only. Even though anisotropic materials are available in optics, such as SiC, con-
trolling both the index gradient and its anisotropy would increase the complexity of fabrica-
tion by many folds. As we mentioned previously, the anisotropy of the material will be related
to the amount of distortion in the transformation. To be more exact, transformations with
no anisotropy are angle-preserving transformations, which are called conformal maps [14,
25]. These transformations can be represented by an analytic function in the complex plane
and are very useful in the design of isotropic transformation media. If conformal maps can-
not be found for the desired transformation, it is common to use numerical optimization
algorithms to ﬁnd quasi-conformal transformations with minimized residual anisotropy [53].
Figure 3 shows an example of application of such an algorithm. Both transformations have
the same external boundary shape, but the interior of the one on ﬁgure 3a is created simply
by interpolating those boundaries, while in ﬁgure 3b the interior is optimized to minimize
anisotropy.
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Figure 3 Transformation optimization to minimize anisotropy. The contours show a measure
of local anisotropy deﬁned as the ratio between the maximal and minimal refractive indices
along the principal axis of the medium [53]. Both transformations map a square Cartesian
region to an area with a deformed bottom edge, but in (a) the interior of the transformation is
deﬁned as a direct interpolation of the boundaries, while in (b) the transformation is optimized
to be quasi-conformal, leading to minimal residual anisotropy of less than 10%.
2.4 Fabrication Platforms
Because we design the transformation medium in 2 dimensions and the material parameters
vary slowly in the propagation plane, we can decouple the geometry in the perpendicular
direction zˆ from the in-plane propagation. Thus, to conﬁne the ﬁeld in this direction, we
use a dielectric slab waveguide, as shown in ﬁgure 4a, which we can freely tailor to produce
the required GRIN map in the propagation plane.
In this plane it is no longer the absolute material refractive index that will control
the wave propagation, but the eﬀective propagation index neﬀ =
k
k0
of the dielectric slab
structure, where k is the propagation constant in the slab, and k0 the free-space wavenum-
ber. From there, it becomes quite clear that two parameters are available to control the
propagation index: material refractive indices and slab dimensions. The graph in ﬁgure 4b
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shows a contour plot of the propagation index of the slab versus both those parameters.
We can see the range of possible indices for a slab in vacuum with core material index
varying from 1 to 2.5 and thickness varying from 0 to λ2 for its fundamental TE mode, λ
being the free-space operation wavelength. (Note that the ﬁelds for the TE and TM modes
in a slab waveguide will almost match the ﬁeld for the TM and TE propagation problems in
2-dimensions, respectively, as deﬁned in subsection 2.3.1).
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Figure 4 GRIN media via eﬀective slab index. (a) The 1-dimensional slab allows the
control of the guided index through its dimensions and materials. (b) Eﬀective guided
indices for the fundamental TE mode achievable in a slab with nclad = nsub = 1 as a
function of its core thickness and index. Dashed lines show the cutoﬀ for the second and
third order TE modes.
Regardless of the control parameter we use, the limits in the eﬀective refractive index
are set by the material indices of the slab. The greater our eﬀective index range, the less
constrained our TO design is, which means more space eﬃcient devices, i.e., same function-
ality in a smaller footprint, since the refractive index is approximately proportional to the
amount of squeezing in the transformation. It is thus beneﬁcial to use materials for core and
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cladding with strong index contrast.
That being the case, we decided to work with crystalline silicon as our core material
and SiO2 (or air) for cladding. The refractive index of silicon in the near infrared region
is approximately 3.48, whereas SiO2 and air have indices around 1.44 and 1.0, respectively.
The provided material index contrast is very strong: the core has at least 2.4 times higher
index than the surrounding material. Another great advantage of using silicon is that the
fabrication processes in both the complementary metal-oxide-semiconductor (CMOS) and
nanophotonics industries are quite mature, an invaluable beneﬁt since we expect fabrication
to be one of the limiting factors in our designs. Last, using a CMOS-compatible process
allows immediate integration of our TO devices with existing nanophotonic systems, the
main candidates for future ultra-high data rate interconnects.
We use silicon-on-oxide (SOI) wafers as fabrication substrate with a 3 µm thick buried
SiO2 layer and a 500 nm top silicon layer serving as our slab core. As we mentioned earlier, it
is possible to control the eﬀective propagation index of this slab by the material indices and
slab dimensions. We explored and demonstrated both alternatives, each with its strengths
and drawbacks. In the following subsections we will describe in detail each of the two
fabrication platforms.
2.4.1 Eﬀective Material Theory
The ﬁrst way to create the refractive map required from TO via the eﬀective slab index is
to use the material of the slab core [54]. Using a numerical or analytical 1-dimensional slab
solver we can translate the transformation medium refractive index map into the correspond-
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ing slab core material index map, given the slab thickness and surrounding materials.
It might be possible to change the refractive index of the actual material in the slab
core of our guiding structure via, for instance, implantation and diﬀusion of dopants, as is
the case in GRIN ﬁbers. Another option would be to use SiON ﬁlms with varying contents
of oxygen and nitride [55–57]. However, both options would make it very hard to control
the index of the deposited ﬁlm in the plane, apart from providing only a relatively smaller
contrast than Si on SiO2.
Alternatively, we chose to work with eﬀective material theory, which states that a
media composed of a mixture of materials with small enough granularity (compared to the
wavelength) can be treated macroscopically as an homogeneous medium with refractive index
given by an average between the indices of the composing materials [58]. Thus, by patterning
the silicon layer with nano-scale structures using electron beam lithography we are able to
create a homogenized core material with refractive index varying between 1.45 and 3.48 (for
SiO2 and Si), or 1 and 3.48 (for air and silicon). The exact index will depend on the structure
of the mixture. Since we use conventional lithography and anisotropic plasma etching, the
patterned slab core will be composed of pillars of Si in an air or SiO2 matrix, or holes in the
Si layer ﬁlled with air or SiO2, depending on the volumetric fraction of silicon in the desired
mixture.
This vertical pillar structures determine the kind of averaging used for the homoge-
nized refractive index. For each slab polarization, we will have the eﬀective material permit-
tivities [58]:
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εTM =
M∑
m=1
ξmεm
εTE =
(
M∑
m=1
ξm
εm
)−1
(2.8)
where ξm is the volumetric fraction of the m-th material (
∑
m ξm = 1). These equations
allow us to transform the slab core index ncore(x, y) into a volumetric fraction map of Si in
SiO2 or air ξSi(x, y) ∈ [0, 1]. The volumetric fraction is a continuous function deﬁned over a
continuous (or very ﬁnely discretized) domain, but our ﬁnal pillar structures have dimensions
around tens of nanometers and each pillar or gap between pillars is made of a single material
(have volumetric fraction either 1 or 0). Hence the need to created a quantized version of
the volumetric fraction map with proper domain.
This is accomplished by sampling ξSi over a grid on the device plane where each
cell has a dimensions d × d (which will become the lateral dimensions of the pillars) and
quantizing the resulting map using a dithering algorithm [59]. Dithering is a very common
algorithm in image processing to quantize color levels, an analogous process to what we
need: quantizing a grayscale map deﬁned in the [0, 1] interval into two levels, 0 and 1,
that will represent grid cells (or pillars) made entirely of Si and SiO2 or air, respectively.
The algorithm, demonstrated in ﬁgure 5, minimizes the error in the quantization process.
Therefore, the local density of silicon pillars (or holes into the silicon layer) will directly
deﬁne the eﬀective index of that area in the slab core, reproducing the desired material
index map ncore(x, y). The scanning electron microscope (SEM) image in ﬁgures 5c and d
show the actual silicon pillars fabricated using this platform. The device in the images is a
invisibility cloak, which will be presented latter in chapter 3.
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Figure 5 Dithering and eﬀective material GRINmedium. The grayscale map
representing the volumetric fraction of silicon (a) is dithered into a black and
white map (b), representing the positions of the silicon pillars and holes
that result in an eﬀective material. (c) SEM image showing an example
of GRIN medium fabricated in silicon using this platform. The density of
silicon pillars is proportional to the local eﬀective material index. A Bragg
reﬂector is also visible in the upper right corner, but it is not part of the
transformation medium. (d) Close-up view of the silicon pillars that form
the eﬀective material. In this device the pillars have lateral dimensions of
approximately 50 nm.
This platform for GRIN medium presents two beneﬁts: high achievable contrast be-
tween highest and lowest eﬀective slab indices, and use of conventional nano-fabrication
techniques. The index contrast obtainable in the eﬀective material slab can easily reach
above 2, as table 1 shows, specially for a thick core. The fabrication of the nano-pillars is
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accomplished by high-resolution electron beam lithography and highly anisotropic plasma
etching, both techniques commonly used in nano-photonics and CMOS industries.
Table 1 Effective index ranges for slabs of different core thick-
nesses, polarizations, and cladding materials (SiO2 substrate) at
1.55 µm wavelength.
Thickness (nm)
TM TE
SiO2 air SiO2 air
500 1.44 – 3.16 1.59 – 3.15 1.44 – 3.28 1.54 – 3.27
250 1.44 – 2.30 1.90 – 2.18 1.44 – 2.94 1.67 – 2.93
Nevertheless, due to the reduced dimensions of the pillars and holes and, more importantly,
the diﬀerent densities of these structures along the substrate, uniform etching of the devices is
challenging. Regions formed mostly by sparse silicon pillars will etch much faster than region
where the dithering process results in a few small holes on the silicon layer. Depending on the
required contrast of the transformation medium, single step lithography and etching might
not be at all possible, even with the help of a hard etching mask, specially for thicker ﬁlms,
where the best contrast is found. Nevertheless, further developments in nano-fabrication
should continue improving the resolution and etching characteristics of thin ﬁlms, enabling
even smaller features and higher eﬀective index contrast in a single device.
The second drawback of this platform is the resulting light scattering due to the dis-
crete nature of the nano-pillars. This issue is more fundamental, because, although reduction
of the pillar dimensions do decrease the scattering cross-section of the mixed medium, as
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long as the discrete structures exist, they will necessarily contribute to scattering, which in
turn becomes either loss or noise depending on the device.
2.4.2 Grayscale Patterning
We developed our second fabrication platform to tackle the fundamental issue in the previous
one: losses due to light scattering. The idea behind this solution is to use the thickness of
the guiding slab (ﬁgure 4) to deﬁne the eﬀective propagation index [8–10, 60, 61]. By
solving the inverse slab problem, i.e., ﬁnding the thickness that will result in the desired
propagation constant, we convert the transformation medium index map into a height map
for our silicon layer. The maximal eﬀective propagation indices we can reach for the usual
500 nm and 250 nm SOI wafers are the same as in table 1. The minimal, on the other hand,
are always 1.44, even for air-cladded slabs (the cut-oﬀ thicknesses for air-cladded slabs are
around 105 nm for the TM mode and 25 nm for the TE). Note, however, that modes with
indices close to the substrate or cladding will be very delocalized and consequently, prone to
higher losses.
Patterning the height map can be done in a couple of diﬀerent ways. We have develop
two fabrication methods to demonstrate such GRIN media. The ﬁrst uses a focused ion beam
(FIB) to directly sculpt the silicon surface. The second employs high contrast grayscale
electron beam lithography.
The FIB process was developed on a FEI Strata 400 using the tool feature of shape
patterning. We convert the height map calculated from the slab solver into a bitmap image
where the blue channel is used to control the beam dwell time (DT) at each point in the
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image, allowing us to sculpt the surface of the silicon layer with high precision. This process
has the advantage that once calibrated, it is consistently reproducible and precise. The DT
of the ion beam is directly proportional to the value of the blue channel in the bitmap, and
the milled depth in the slab is also directly proportional to the DT, turning calibration into
a single constant scaling factor. Figure 6 shows an example of the level of control over the
surface proﬁle: minimal error is observed between the designed curve and the one obtained
from an atomic force microscope (AFM) scan of the surface. In addition, the roughness of
the silicon surface is small, reaching around 2 nm root mean square (RMS) away from the
edges of the pattern (measured on the AFM).
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Figure 6 Direct sculpting of the silicon layer is possible using a FIB. (a) The
designed height map (sample GRIN lens) is converted into a bitmap whose blue
channel controls the DT of the ion beam from 100 ns an the center to 10 µs at the
edges per beam pass. (b) The cross-section of an AFM scan of the silicon height
(red) matches closely the design curve (black). The scans also reveals roughness
around 2 nm RMS (except around the edges).
On the downside, the FIB has a few limitations. Although the surface is smooth,
some scattering still occurs, which could be minimized via, for example, local oxidation
Transformation Optics
26
processes [62]. More fundamental is the fact that the ion milling process breaks the silicon
crystalline structure and implants heavy Ga atoms in the material, inducing optical absorp-
tion. Last, and this is mostly due to the operation of this speciﬁc tool model, the only
possible alignment to existing devices on the sample is through an integrated SEM, whose
beam has to be manually aligned to the ion beam, resulting in errors on the order of 1 µm
depending on the size of the patterned area.
This process was used in the fabrication of an integrated Luneburg lens for robust
ﬁber-to-waveguide coupling in integrated photonics, described in detail in chapter 4.
Looking to avoid the ion-induced losses and damages to the crystalline structure, we
also developed a grayscale electron beam lithography process for GRIN optical devices via
dose modulation. Note that while similar processes are employed in the fabrication of diﬀrac-
tive optical elements, micro-electro-mechanical structures, and lower contrast gradient-index
lenses [63–66], in our case the process enables strong height variations of 400 nm over less
than 1 µm while maintaining control of the resist height proﬁle on the nanometer scale with
vertical resolution of approximately 10 nm.
Nevertheless, the calibration of the electron dose versus height of the developed resist
is sensitive to several factors, including developing conditions, resist type, and material stack
(both substrate and resist). It is also notably non-linear, as shown in ﬁgure 7 for poly(metil
methacrylate) (PMMA). For these reasons, calibration curves are usually taken on the day
before the device exposure by the person who will run the fabrication, since it does vary
from operator to operator due to manual development of the resist.
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Figure 7 Example of grayscale calibration curves in PMMA taken by two
diﬀerent people. Strong diﬀerence is seen between the curves due to minor
changes in manual development of the sample, such as exact developing
time. Other factors that aﬀect the calibration curves are general environ-
ment conditions, material stack, and resist type, as well as age.
Because the resist exposure is strongly aﬀected by proximity eﬀects from the point
spread function (PSF) of the electron beam, the conversion between the designed height map
and the electron beam dose map is done with the help of the 3-dimensional proximity eﬀect
correction (PEC) module from our design preparation tool, LayoutBeamer. To account for
proximity eﬀects in the calibration curves, the calibration pattern from which the curves are
extracted is made of a number of squares with 120 µm sides, separated by around 500 µm,
each exposed with a uniform electron dose. The large dimension of the squares (calculated
to be around 3 times the standard deviation of our electron beam PSF) ensures that at
their center they get the maximum possible exposure achieved by their respective electron
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doses. The distance between the squares guarantees that they do not aﬀect each other. After
measuring the developed resit height at the center of each square, curves as the ones shown
in ﬁgure 7 are obtained and used to convert the designed height map into a dose map, which
is then further processed by LayoutBeamer’s 3-dimensional PEC module. It is important to
note that one extra calibration parameter is still required in this process, which is related to
the following etch process. During etching the height proﬁle of the resist will be transfered
to the silicon layer, but depending on the etching process these materials will have diﬀerent
etch rates, thus a scaling factor equal to the etch selectivity must divide the silicon height
map to produce the height map on the resist.
Apart from the more complex calibration, this fabrication technique also results in
more surface roughness when compared to the FIB. However, this issue is not fundamental
to the process, as are the issues with the ion milling. Surface roughness can be dealt with,
for example, via resist reﬂow by heating it up above its glass transition temperature and
letting surface tensions minimize the roughness. Other options are the use of oxidation
techniques [62], or developing lower contrast resists and developer recipes.
The use of electron beam lithography has other advantages over the FIB. Alignment
is automated on most commercial systems and typically well below 100 nm. It also allows
for a much larger number of devices to be fabricated in the same amount of time, since
exposing the resist typically requires much faster DT of the beam than directly milling the
silicon layer.
We demonstrate this fabrication platform with a GRIN multimode waveguide bend
with low mode conversion. The device and its speciﬁc fabrication are detailed in chapter 5.
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2.5 Conclusions
Transformation Optics is a powerful theory for the design and analysis of GRIN devices. It
allows us to freely control the ﬂow of light throughout space via coordinate transformations.
The interest in TO was greatly increased by the developments in our capability of tailoring
media response far beyond the reach of natural materials. However, at optical wavelengths,
the fabrication of these artiﬁcially structured materials, or metamaterials, is still challenging.
To still take advantage of TO in integrated photonics without metamaterials we de-
veloped three fabrication platforms tailored to high contrast GRIN devices with wide range
of operating wavelengths. Through a few approximations we are able to avoid the need
for magnetic or anisotropic materials, making the fabrication of our devices possible in a
CMOS-compatible silicon platform.
Using either eﬀective material theory or waveguide dispersion we are able to generate
eﬀective GRIN media. The fabrication methods we have developed have diﬀerent strengths
and weaknesses, and are better suited for diﬀerent applications. The methods described
here will be demonstrated in the following chapters, where we will provide additional details
corresponding to the particular fabrication of each device.
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3 Cloaking
O
ptical cloaking is, without doubt, one of the most interesting applications of TO. The
prospect of invisibility has received considerable attention since its appearance [14,
16] and a great variety of designs have been proposed since [44, 67–74]. The basic idea of
perfect invisibility is to open a hole in the virtual space, as shown in ﬁgure 8, and imple-
ment this hole in real space by using TO to translate the spacial deformation into material
parameters. This design is in theory perfect, but the material requirements for such a device
would be singular at the hole boundary [14–16]. This can be intuitively seen: light traverses
the original point in virtual space instantaneously (ﬁgure 8a), and it must continue to do
so after the transformation, i.e., it must also traverse the boundary of the cloaked region
instantaneously, so the closer to the cloaked region, the faster the speed of light, leading to
constitutive parameters closer and closer to zero (ﬁgures 8b and c). Those singular parameter
values indicate that resonant metamaterials would have to be employed in the construction
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of the cloak, resulting in a narrow operating frequency window [75, 76]. It has also been
argued that the perfect cloak is very sensitive to imperfections [77]. Nevertheless, a demon-
stration of the perfect cloak was presented short after its proposal in microwaves with the
help of millimeter-size metamaterial structures [45].
A B C
Figure 8 Perfect cloaking device. (a) The basic idea behind perfect invisibility is to
expand a point from virtual space into (b) a ﬁnite area, such as a circle or cylinder.
(c) Implementing this transformation in real space requires singular material parameters
εr = µr = 0 around the boundary. Because the cloaked region does not exist in the
virtual space, it invisible in real space.
To overcome the fabrication issues related to singular materials and anisotropy, Li
and Pendry proposed a diﬀerent route to achieve invisibility by hiding a region of space
under a reﬂective carpet [53]. Following their work, we demonstrated the cloaking eﬀect in
the optical domain at 1550 nm using sub-wavelength scale dielectric structures to form an
eﬀective GRIN medium [78, 79], as described in subsection 2.4.1. Simultaneously, similar
designs were demonstrated using diﬀerent fabrication methods in both optics [80] and, once
again, microwaves [81].
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3.1 Under the Carpet
The working principle of the carpet cloak is outlined in ﬁgure 9. When looking at a deformed
mirror, the reﬂected image is distorted: it contains a signature of the deformation. The
cloaking device is capable of reshaping the light around the mirror deformation in such a
way that, regardless of the viewing angle, reﬂections from the mirror look perfect. Eﬀectively,
an external observer is incapable of detecting the deformation, under which objects of interest
could be hidden.
CBA
Figure 9 Carpet cloaking. (a) Reﬂections from a perfectly ﬂat mirror have the same size
and shape as the object, but when the mirror is deformed (b) its image will carry a signature
of the deformation. (c) By mapping the region in front of the ﬂat mirror to the one in front
of the deformation with TO, the reﬂection from the latter will be indistinguishable from the
reﬂection of the ﬂat one, rendering the region behind the deformation concretely undetectable
to an observer.
The design of this device is done via TO by deforming the region in front of the mirror
together with it (ﬁgure 9b), and then mapping this deformed region to the front of a ﬂat
mirror (ﬁgure 9a). This way, the transformed region redirects the ﬂow of light as if it were
reﬂecting from the ﬂat one, removing the signature of the deformation from the mirror’s
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reﬂection. The deformation and the area behind it are undetectable, and could be used as
secure storage.
The presence of the reﬂective surface behind the cloak is necessary for the illusion.
Without it, light incident in the deformed region would ﬁnd an area of space not originally
mapped out by the coordinate transformation—similar to, but not exactly like the hole in
the case of the perfect cloak (ﬁgure 8)—breaking the validity of the transformation.
3.2 Cloak Design
One important aspect of the carpet cloak device is that it prescribes the transformation only
at the boundaries of the transformation medium, leaving the interior to be freely optimized.
By minimizing the Liao functional with slipping boundary conditions in the interior of the
transformation [53], we are able to obtain a quasi-conformal mapping that can be fabricated
using our eﬀective material platform in the TM polarization, as described in subsection 2.4.1.
The range of achievable refractive indices is limited by our material selection. The
limits in refractive index range and residual anisotropy will be reﬂected in the relative size
of the deformation we are capable of hiding with respect to the size of the whole cloaking
device, since the full design can be scaled up or down freely. By working with high-contrast
materials our device can be made smaller for a constant size of deformation. Thus, we use
silicon to form the eﬀective core medium, since it has one of the highest refractive indices
at near infrared wavelengths, enabling us to hide a deformation in the shape of a Gaussian
curve with 600 nm peak and approximately 2.2 µm full width at half maximum (FWHM) in
a device with 225 µm2 area, as shown in ﬁgure 10. The resulting eﬀective index distribution
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has an anisotropy factor of 1.02 with index values ranging from 1.45 to 2.42, where the
highest and lowest eﬀective refractive index regions are located around the deformation, and
the background index value of the remaining cloaking region is 1.65. The triangular shape
of the device with the deformation along its hypotenuse can also be observed in ﬁgure 10.
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Figure 10 Refractive index distribution for the carpet cloak.
We can see the highest index is in the region directly in front
of the deformation, while the lowest are to its sides. The back-
ground index of 1.65 is necessary to ensure that the index range
falls into the required range for fabrication in the silicon plat-
form.
Using our eﬀective material platform we can translate the refractive index map from
the TO design (ﬁgure 10) into a volumetric fraction of silicon on the background material,
SiO2 in this case. Then we discretize the map into 50 nm square cells and apply a conven-
tional Floyd-Steinberg dithering algorithm [59], such that the resulting “black” cells (cells
where the volumetric fraction of silicon is 1) end up forming silicon pillars in the fabricated
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device. The ﬁnal proﬁle of the cloak contains almost no silicon in the low index regions,
whereas in the high index regions it has the largest concentration of pillars. The reﬂective
mirror required for the device operation is implemented by a distributed Bragg reﬂector
(DBR) also composed of Si and SiO2. Ideally, we need a mirror that reﬂects all incident light
at all angles of incidence, which is not valid for a DBR, so some error is expected in the
reshaped reﬂection. Nevertheless the simulated reﬂectivity of our 10-period DBR is larger
than 0.99 for normal incidence.
3.3 Effective Material Fabrication
The fabrication of the invisibility cloak was carried out in an SOI wafer. Dow Corning
XR-1541® resist was patterned in a Jeol 9300 with a 100 kV electron beam. The pattern
was transfered to the 250 nm top silicon layer using inductively coupled plasma (ICP) reactive
ion etching (RIE) in Cl2 (70 sccm) and BCl3 (2 sccm). We then cladded the sample with
approximately 2 µm of SiO2 by plasma-enhanced chemical vapor deposition (PECVD).
An SEM image of the complete device before cladding is shown in ﬁgure 11a. We can
see the eﬀective GRIN medium of the cloak formed by the varying density of silicon pillars
in ﬁgure 11b: regions of high refractive index show strong bunching of pillars, while lower
index regions have only a few.
3.4 Simulation & Experiments
A silicon waveguide with dimensions 450 nm by 250 nm and tapered end was used to eﬃ-
ciently guide light to the device and maximize the eﬀect of the mirror deformation. It ended
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Figure 11 Fabricated cloaking device. (a) SEM of the whole de-
vice with the deformed DBR on the back and the input waveguide
on one of the edges. The eﬀective index corresponds to the map
in ﬁgure 10. (b) Close up of the nanometer-size silicon pillars
forming the eﬀective material.
at the yˆ edge of the device and pointed directly towards the Gaussian curve on the DBR, as
seen in ﬁgure 11a. Note, however, that the cloaking eﬀect occurs for light incident at any
angle, not only the 45° tested here, since no constraints are introduced by the TO design, as
long as the DBR reﬂectivity is suﬃciently high.
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We simulated the propagation of light in the device using the ﬁnite-diﬀerence time-do-
main (FDTD) method with Meep [82]. The results show that, owing to the presence of the
cloak, the image of the light incident on the deformation (the region under which an object
could be hidden) resembles the image of a wave propagating in a homogeneous medium
without the deformation. Figure 12a shows a simulation of light propagating through a ho-
mogeneous background index of 1.65 and reﬂected by the DBR. Figure 12b shows the same
simulation when the DBR is deformed, and ﬁgure 12c shows the simulation of light reﬂected
by the deformed DBR but with the deformation now covered by the cloaking medium. By
comparing ﬁgures 12a and b, we can see that the presence of the deformation transforms
the output image of the device, measured at the output edge in xˆ. The plane reﬂector in a
homogeneous medium distributes power uniformly along the output, whereas the deformed
one results in a power gap that represents its signature. Once the cloaking medium is in-
troduced, in ﬁgure 12c, the gap vanishes and power is again uniformly distributed on the
reﬂected image, as in the case of the perfectly ﬂat DBR.
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Figure 12 FDTD simulations of the cloaking device performed with the actual silicon posts
designed for fabrication. (a) The reﬂection from a perfectly ﬂat DBR results in a uniform
distribution of power along the output edge of the cloak (xˆ). (b) The presence of the de-
formation changes the output by creating a power gap, the signature of the deformation.
(c) The cloaking medium in front of the deformation reshapes the wavefronts to recover the
reﬂection from the ﬂat reﬂector.
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Experimentally, we use an infrared camera to collect the reﬂected image at the output
edge of our devices. We couple a 1550 nm laser into the input waveguide, shown in ﬁgure 11a,
and capture the reﬂected image at the xz plane. The infrared camera was set to constant
gain, brightness and contrast, and the captured images were ﬁltered using a median ﬁlter of
15× 15 pixels.
We show in ﬁgure 13 that the reﬂection from the cloaking device is similar to the
one from a plane DBR, as in the simulations before. In ﬁgure 13b we can see the image
from the plane reﬂector in uniform medium with index 1.65, where uniform distribution of
light along the output edge is expected. In ﬁgure 13c we introduce the deformation in the
DBR, resulting in an output with the signature power gap from the mirror deformation. In
contrast, the output from the cloaked deformation in ﬁgure 13d shows no power gap, and
the image is to the one from the ﬂat DBR covered by homogeneous medium, as expected.
3.5 Conclusions
The results obtained in this experiment represent a demonstration of invisibility cloaking in
the optical domain with only dielectric materials. By reshaping the wavefront of light accord-
ing to a deformed virtual space we can eﬀectively turn a region of real space undetectable
to an external observer.
The wavelength of operation of this device is limited on the shorter side by the
dispersion of silicon and size of the nano-pillars (such that the eﬀective material regime is
valid). On the longer wavelengths the reﬂectivity of the DBR sets the limit of operation.
According to our simulations, this bandwidth is approximately 400 nm around 1550 nm due
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Figure 13 Experimental demonstration of the cloaking eﬀect. (a) The results
shown are images from the output edge of the device (red) captured by an
infrared camera. (b) Image from the reﬂection of a ﬂat DBR in with homoge-
neous medium. (c) Reﬂection from a deformed DBR in homogeneous medium
showing the expected power gap, the signature of the deformation. (d) Reﬂec-
tion from the same deformed DBR as before, but now covered by the cloaking
medium. The power gap vanishes and the output becomes similar to the one
of the ﬂat DBR, as expected. These results correspond to the simulations in
ﬁgures 12a, b and c respectively.
to the high index contrast between Si and SiO2.
The demonstrated cloak could, in principle, be reproduced in much larger dimensions
using fabrication techniques such as deep ultra-violet (DUV) photo-lithography or nano-im-
print. This device has direct applications in defense, such as camouﬂage and optical illusions,
and communications, such as correcting defects in satellite mirrors, among others.
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The freedom of tailoring the trajectory of light by TO and the capability of implement-
ing these designs in the optical domain without the need of material resonances opens up
many other possibilities, specially where wide operation bandwidth is desired. For example,
the same fabrication platform developed here has been used to demonstrate a wavelength-in-
dependent light concentrator aimed at solar energy applications [83, 84].
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4 Luneburg Lens
A
mong GRIN structures, lens-like media were one of the ﬁrst focuses of interest from
the scientiﬁc community [1–5, 7, 8, 12]. GRIN lenses have the potential to successfully
solve aberration and dispersion problems inherent to conventional homogeneous lenses. In
special, the Luneburg lens [12] is an aberration-free and comma-free spherical lens with a
refractive index proﬁle appropriate for dielectric-only implementation.
The advantage of fabricating the lens with dielectrics is the same as for other GRIN
devices, including the ones designed via TO, such as the cloak in the previous chapter: the
range of operating wavelengths is limited only by material dispersion (and, of course, speciﬁc
design characteristics), which is usually low in their transparency window, specially when
compared to resonant metamaterial implementations. In contrast, resonant metamaterials
are capable of a much wider range of eﬀective parameters, allowing for negative refraction
and perfect lenses [39–42], for example.
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Using the silicon platform and direct patterning using a FIB we fabricated and demon-
strated a dielectric-only Luneburg lens for integrated photonics [85, 86]. Although a demon-
stration of the standalone lens in silicon was presented during the realization of this work [63],
here we integrate the lens with current silicon photonic devices and use it to improve the
coupling sensitivity between channel waveguides and single-mode optical ﬁbers, a key feature
for the packaging and yield of nanophotonic chips in future optical communication intercon-
nects. In the following sections we will discuss the properties of the Luneburg lens that make
it attractive for robust ﬁber-to-waveguide links, its design and implementation in silicon, and
the experimental results obtained for the coupling sensitivity.
4.1 Optical Properties
The Luneburg lens is an aberration-free and comma-free spherical GRIN lens with focal spot
located on the its circumference [12, 25]. In a conventional refractive lens, the focal point
changes depending on the distance of the incoming ray to the optical axis due to aberrations,
so that rays coming parallel to the axis will not all focus at the same spot, as illustrated
by ﬁgure 14a. In the Luneburg, the focal spot is independent of the distance to the optical
axis (ﬁgure 14b), i.e., beams coming with same ~k direction will be focused on the same spot
regardless of their incident position on the lens.
Another characteristic of the Luneburg lens is, of course, its index proﬁle, given by
the equation:
n(ρ) = n0
√
2− ρ2 (4.1)
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Figure 14 Comparison between a conventional and a Luneburg lenses. (a) Aberrations
in a conventional lens cause its focal plane to change depending on the distange of the
incoming beam to the optical axis. (b) The Luneburg lens is aberration-free, thus all
incoming light with a ﬁxed ~k will focus on the same diﬀraction-limited spot. The lens
itself is spherical with refractive index varying as a function of the radial position and
possibly matched to the surroundings at the edge, making it also free of reﬂections. The
loci of its focal points is not a plane, but the circumference around the lens itself.
where ρ ∈ [0, 1] is the normalized radial position inside the lens, and n0 is a constant. The
rotationally-symmetric index proﬁle can be freely scaled by n0. This degree of freedom allows
us to match the edges of the lens at ρ = 1 to the surroundings index and eliminate reﬂections
at the lens boundary. This is once again in contrast to a conventional lens, where the use of
anti-reﬂective coatings is necessary to avoid reﬂections. It is important to note that while
a conventional lens operates through refraction at material boundaries, the Luneburg—and
GRIN device in general—control the ﬂow of light through the gradient of the refractive index,
possibly avoiding reﬂection, diﬀraction, and other scattering phenomena that usually impact
in the loss or transparency of the system.
The lack of sensitivity of the Luneburg lens focus to the exact position of the incom-
ing light has direct application in the robust coupling of systems at diﬀerent length scales.
In special, coupling between optical ﬁbers and integrated waveguides are fundamental for
integrated optical communications. Low-loss coupling can be achieved by adiabatically con-
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verting the modes between the two structures with inverse nanotapers [87–90], but to achieve
high eﬃciency they require stringent alignment control, which is a problem for future mass
production and commercialization of those systems. Therefore, there is a need for a coupling
device with improved robustness to misalignments: a device that is able to reliably collect
light coming to the chip and deliver it to the system’s waveguides. By adding the Luneburg
lens to the taper design we beneﬁt from its ﬁxed focal spot position and signiﬁcantly decrease
the alignment sensitivity of the bare inverse taper to optical ﬁber.
4.2 Thin Film Design
The refractive index of the Luneburg lens was implemented in a GRIN medium fabricated by
controlling the thickness of the guiding layer in our SOI wafer, as detailed in subsection 2.4.2.
We designed the slab to have a Si core and SiO2 substrate and cladding, and to operate in
the TE mode. Using an inverse slab solver, i.e., solving the thickness of the dielectric slab
for a required guided wavenumber, we translate the index in 4.1 to a height proﬁle for the
lens as a function of its radial coordinate ρ, shown in ﬁgure 15. The constant n0 was used to
match the refractive index of the surrounding, minimizing reﬂections. We can see that the
41% contrast in refractive index of the lens results in a slab core ranging from 0 to 82 nm in
thickness.
So far we kept the in-plane size of the lens (radial coordinate) normalized, since it can
be freely scaled without changes in the index proﬁle or slab height map. We choose the ﬁnal
device size based on two other competing factors: (a) a larger lens results in smaller alignment
sensitivity in the coupler, since the ﬁber and waveguide can be further misaligned while the
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Figure 15 Normalized index proﬁle for the Luneburg lens (blue), given
by (4.1), and corresponding silicon slab thickness (red) to generate it.
We assume the Si slab surrounded by SiO2 and n0 = nSiO2
lens is still collecting light from the ﬁber; (b) because the fabrication is not perfect, the lens
will introduce losses to the system, which will be higher the longer light has to propagate
through the lens medium. We found a good compromise between these factors to be a lens
with 30 µm in diameter, which, as we will see, clearly shows the improvement in robustness
without introducing excessive amounts of loss.
4.3 Direct Silicon Patterning
Patterning of the height proﬁle in the 250 nm silicon layer of the SOI wafer was done by FIB.
This process of direct sculpting the silicon surface is accurate and precise. The ion beam is
controlled directly by the pattern via a bitmap ﬁle as described in subsection 2.4.2. After
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patterning the lens, we scanned it in an AFM and compared the surface proﬁle to our original
heigh map design. The result, displayed in ﬁgure 16, shows the great agreement between the
two and the small surface roughness left on the silicon layer.
B
A
250 nm
0
15 μm
0 2 4 6 8 10 12 14 16
Radius (μm)
−20
0
20
40
60
80
100
S
il
ic
o
n
 l
a
y
e
r 
th
ic
k
n
e
s
s
 (
n
m
)
Figure 16 AFM image from the Luneburg lens. (a) Complete scan of the
device, showing the small surface roughness left by the FIB. (b) Comparison
of the patterned height proﬁle (blue dots) and the design (red line) curve,
showing great agreement. The height error signiﬁcant only at the very edge
of the lens.
To achieve this patterning control it was vital to eliminate beam drifting due to
substrate charging during the milling process. In order to do so, we dipped the samples for
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approximately 10 s in buﬀered oxide etch (BOE) 6:1 immediately before placing them under
vacuum to eliminate the native SiO2 that forms on the Si surface of the SOI wafer. We also
mounted the samples in the metallic holder of the FIB tool using a conductive double-sided
tape which had its tip folded over on the top surface of the sample (towards the edges,away
from the devices) to decrease the top silicon charging.
The silicon channel waveguides and inverse tapers were fabricated in the same sample
before the Luneburg lens. They were deﬁned by electron beam lithography on PMMA and
transfered to the silicon layer by ICP RIE. Then the lens was patterned with the help of
alignment marks made during the fabrication of the waveguides. The whole sample was
afterwards cladded with approximately 2 µm of SiO2 by PECVD . Finally the sample was
diced and its facets polished to reduce scattering in the coupling region due to the roughness
of the dicing saw.
4.4 Robust Coupling
We measured the sensitivity of the Luneburg coupler and compared it to an inverse taper
fabricated on the same chip. We show that even with the optical ﬁber misaligned to the taper,
the Luneburg mediated coupler will focus light onto the taper tip, minimizing the sensitivity
to the misalignment, as illustrated in ﬁgure 17. The taper is 75 µm long with width linearly
varying from 120 nm to 450 nm, matching the waveguide. The experiments were performed
by coupling light at 1550 nm from a single mode lensed ﬁber with spot size around 3 µm onto
the Luneburg coupler and, as reference, to an inverse taper coupler without the Luneburg
lens. The spot size that the Luneburg lens creates depends on the k-vector distribution of
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the input light on the lens itself, so we still use an inverse taper after the Luneburg for
eﬃcient mode conversion. The taper also helps with the index matching between the edge
of the lens and the silicon waveguide. The input ﬁber was mounted on a piezoelectric stage,
such that by moving it and monitoring the transmitted power we can generate a map of
the misalignment loss versus alignment error. The output signal was collected by a 10×
objective, ﬁltered by a TE polarization ﬁlter, and measured on a photo-detector.
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Figure 17 Luneburg-mediated coupler. (a) Light from the optical ﬁber is coupled to
the inverse taper through a Luneburg lens. (b) Because the lens is aberration-free,
it focuses the laser at the inverse taper even if the ﬁber is misaligned to the optical
axis, decreasing the sensitivity of the system to this misalignment. (c) Optical micro-
scope image of the fabricated device and inverse taper. The colors in the lens are an
interference pattern formed by visible light, an evidence of its height proﬁle.
The transmission map thus generated, displayed in ﬁgure 18, shows robust ﬁber-to-chip
coupling with decreased alignment sensitivity by the Luneburg coupler. We plot the maps
from 2 Luneburg couplers and 2 inverse tapers-only couplers obtained by moving the input
optical ﬁber along the sample edge (horizontal direction) and perpendicular to the sample
Luneburg Lens
49
plane (vertical direction). On the cross-section plots of ﬁgure 18b we see that the Luneburg
coupler results in about 6 dB gain over the inverse taper at 4 µm misalignment in the horizon-
tal direction. At the same time, we see that on the vertical direction, which is not accounted
for by the planar lens design, the presence of the lens does not aﬀect the sensitivity.
Note that the plots in ﬁgure 18 are normalised by the maximal transmission of each
device, excluding thus their insertion loss, which is around 6 dB larger for the Luneburg
coupler than for the inverse taper-only coupler. This loss is not fundamental to the design,
but a result of the FIB process, due to the damages to the crtstalline structure of the silicon
layer, heavy ion implantation, and residual surface roughness, which can all be improved by
further developments in GRIN media fabrication.
The continuous curves in the plot are simulated results obtained from full 3-d sim-
ulations performed with Comsol Multiphysics®. The ﬁber in the simulations was replaced
by a Gaussian source with standard deviation 3 µm at 1 µm distance from the sample edge.
The simulation domain included both the Luneburg lens and the inverse taper in their real
size. These results indicate no additional insertion loss from the Luneburg lens, conﬁrming
our conclusions that the losses are due to fabrication imperfections.
4.5 Conclusions
We demonstrated a GRIN Luneburg lens coupler with reduced misalignment sensitivity for
robust ﬁber-to-chip optical links. This work is a ﬁrst step in the direction of integrating
complex media with conventional photonics to improve the characteristics of the latter by
leveraging the key strengths of GRIN devices.
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Figure 18 Coupling sensitivity measurements. (a) Normalized transmis-
sion maps of the taper-only and Luneburg-mediated couplers as the optical
ﬁber is moved along the chip edge (horizontal) and perpendicular to the
chip (vertical). Two samples of each type were measured. (b) Misalign-
ment loss extracted from the transmission maps by taking their cross-sec-
tions through the point of maximal transmission in the horizontal (red and
blue) and vertical (yellow and green) directions. The points in the horizon-
tal direction show that the loss introduced in the Luneburg couplers grows
much slower with misalignment than in the taper-only couplers. Both types
of couplers behave similarly with respect to vertical misalignment. The
continuous lines are simulations using the designed geometries—no ﬁtting
parameter was used—and match well the corresponding experiments.
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The fabrication process of this device, based on direct patterning of the silicon layer
by FIB, is promising due to its precision and accuracy, even though losses are introduced.
Our ability to fabricate integrated compact GRIN structures brings a new class of devices to
improve existing nanophotonics technology, such as the Luneburg coupler here demonstrated,
or to enable new functionalities for light propagation.
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5 Multimode Photonics
Multimode ﬁbers are widely used in the ﬁeld of optical communications for shortand medium range transmissions. In integrated photonics, on the other hand, the
absolute majority of research is conducted in single-mode waveguides, to avoid the problems
of inter-mode coupling, which would limit data rates [91] and negatively aﬀect the system
by introducing loss or dispersion. However, multimode waveguides also present important
beneﬁts, such as easier coupling to optical ﬁbers due to higher numerical aperture, and lower
propagation losses due to less ﬁeld interaction with the waveguide sidewalls. They could
also enable modal multiplexing of communication channels in the same way as wavelength
multiplexing is currently used, increasing the bandwidth of each link by folds, as long as the
channels have minimal crosstalk.
Inter-modal crosstalk does not occur in ﬁelds propagating in a perfectly straight
multimode waveguide. They are induced by bends or other perturbations to the waveguide
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geometry because of the modal mismatch between the straight and the curved sections.
Figure 19 shows the mode mixing in a 78.8 µm radius bend on a 4 µm wide silicon waveguide,
which supports 16 modes at 1550 nm wavelength. It shows the inter-mode coupling caused
by exciting each of the ﬁrst three modes of the straight waveguide at the bend input. We
can see that a superposition of many modes is obtained in the output of the bend in all
three cases; for excitation of the fundamental mode only, for example, the output contains
71% of the excited power converted into the second order mode, and 23% into the third
(ﬁgure 19a). Such strong crosstalk would severely limit data rates in a communication link.
The simulations were performed for the magnetic ﬁeld perpendicular to the propagation
plane (TM mode) using the FEniCS solver [92].
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Figure 19 Simulations of a circular multimode bend. The squared magnetic ﬁeld magnitude
(|H|2) is plotted. Only the ﬁrst, second, and third order modes of the input waveguide is
excited in (a), (b), and (c), respectively. The input ﬁelds excite many higher order modes in
the bend, as evidenced by the inset cross-section plots of the input (blue) and output (red) of
the bends. The width of the waveguide is 4 µm and the bend radius is 78.8 µm.
One possible solution to bending multimode waveguides without inter-modal mixing
would be to employ much larger radii, but those would be prohibitive to nanophotonics
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integration due to their large size. For example, in the 4 µm wide waveguide considered
earlier, a bending radius of more than 1 mm is necessary to ensure that 95% of the optical
power remains in the fundamental mode throughout the bend.
Our work combines a large-scale inverse design approach based on TO with unique
high-contrast grayscale lithography to demonstrate the possibility of integrated multimode
photonics with minimal mode coupling [93]. We show an exemplary device, a multimode
bend such as the one in ﬁgure 19, where the transmission of the fundamental mode is
comparable to the transmission of a single mode waveguide.
5.1 Transformation Optics for Multimode
The TO design of a 90° multimode bend is based on bending a virtual space where the
multimode waveguide is perfectly straight. Because light propagates identically in both real
an virtual space, the multimode bend thus designed does not introduce inter-mode coupling,
just as the straight waveguide in virtual space. Additionally, due to this same principle, the
phase relationship between the modes is also preserved throughout the bend, which is an
important factor for other phase-sensitive applications, such as non-linear phase matching
or resonant cavities.
Special attention must be given to the interfaces between the TO bend and the straight
waveguide. If this interface is not matched, each mode in the straight section will excite
many modes in the bend, similarly to the circular bend presented in ﬁgure 19, immediately
producing inter-modal mixing, even if the propagation along the bend does not. Therefore
the bend transformation must smoothly transition from the same shape as the waveguide at
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its end facets to the curved space.
To design this transformation we developed a general TO optimization method for
multimode devices with minimal inter-mode crosstalk while accounting for the limited range
of refractive indices and anisotropy. The structure is optimized over a large space of smooth
transformations parametrized by general Fourier and Chebyshev series coeﬁcients to ﬁnd the
minimal worst-point anisotropy that satisﬁes the refractive index constraints. The transfor-
mations are parametrized in such a way that they match the multimode waveguide proﬁle
at the end facets by construction. This method is in contrast to the quasi-conformal map
optimization used in chapter 3 for the cloaking device, where only the average anisotropy is
minimized, the index contrast is not directly incorporated as a constraint, and the complete
boundary of the transformation must be speciﬁed a priori.
The optimized bend proﬁle has an eﬀective radius of 19.7 times the waveguide width
(similar to the cloaking device and the Luneburg lens in previous chapters, the bend geometry
can be freely scaled). Using the same 4 µm wide waveguide as before, the resulting eﬀective
radius is 78.8 µm. We simulated this bend to compare it to the circular bend presented
in ﬁgure 19. The diﬀerence in mode mixing from the TO design is clearly represented by
ﬁgure 20, where the same ﬁrst three waveguide modes are excited at the input facet, but
this time propagate with minimal mixing to higher order modes.
The actual refractive index proﬁle of the bend is shown in ﬁgure 21a. In the cross-sec-
tion plots we clearly see the general characteristic of the proﬁle: the index decreases from
the inside to the outside of the curve, as would be intuitively expected from a cylindrical
transformation. The refractive index contrast of the GRIN medium is larger than 2, but still
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Figure 20 Simulations of the optimized multimode bend. Same as in ﬁgure 19, but using the
GRIN medium optimized and designed via TO. In this case, the three modes are preserved
throughout the bend, indicating minimal inter-mode coupling.
constrained by the achievable range in the silicon material platform.
5.2 Bend Fabrication
Because of the long propagation length in the GRIN medium, we need a fabrication process
that reduces losses to a minimum. Both methods developed earlier for GRIN fabrication
resulted in somewhat lossy media due to scattering in the case of discrete structures, and
absorption in the damaged silicon crystal for the FIB method. To fabricate the multimode
bend we developed a third alternative in GRIN fabrication. As before, we use the thickness of
the silicon slab to control the in-plane eﬀective index of the structure, but instead of directly
milling the height map, we used electron beam grayscale lithography. Similar processes are
used in the fabrication of diﬀractive optical elements, micro-electro-mechanical devices, and
lower index contrast lenses [63–66] with less than 100 nm height variations over distances
of tens of micrometers. Our process, on the other hand, enables strong height variations of
400 nm over less than 1 µm, as required by the multimode bend proﬁle shown in ﬁgure 21b,
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Figure 21 Optimized multimode bend. (a) Graded refractive index map of the
multimode bend. The index ranges almost all the way from the index of SiO2 to
the eﬀective index of a 500 nm Si slab in SiO2. (b) Height map of the silicon layer
corresponding the optimized index map. (c) Cross section of the refractive index
at the input facet (blue) and at the center of the bend (red). The small index
variation is responsible for the curvature of virtual space. (d) Cross-section of the
height map of the silicon layer at the input facet (blue) and center of the bend
(red). The facet geometry must match the geometry of the straight waveguide
connected to the bend, which means that the straight multimode waveguide must
have a thin slab of silicon on its sides. At the center, the variation in height
required to generate the small index variation in the core of the waveguide bend
is much more pronounced than on its sides, which requires high contrast and
high resolution grayscale lithography
with resolution of approximately 10 nm.
We use an SOI wafer with 3 µm thick buried SiO2 and 500 nm of Si on top. The
grayscale proﬁle is ﬁrst created on a 430 nm layer of PMMA with spun on top of the Si using
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dose modulation on a 100 kV electron beam tool. Careful calibration is required for this
process, as described in subsection 2.4.2. The used doses varied from 125 µC/cm2 up to
about 350 µC/cm2. The resist was developed in a mixture of isopropyl alcohol (IPA) and
deionized water in proportion 2:1 for 1 min, followed by 30 s of IPA rinse. To reduce the
roughness on the resist, a 1 min reﬂow at 145 °C followed. The height proﬁle thus obtained
was transfered to the silicon layer via ICP RIE in SF6 and C4F8 chemistry. The etch selectivity
of Si with respect to PMMA is very close to 2:1, so the height map in ﬁgure 21b is divided by
2 to be patterned in the resist. Moreover, very low electron doses on the resist tend to result
in rougher surfaces than higher doses (and also require a large shot pitch in the electron
beam tool), so we deﬁne the minimal developed depth on the resist to be 50 nm. Thus, the
depth of the developed resist dPMMA will be given by:
dPMMA(x, y) = d0 +
dSi(x, y)
s
= d0 +
tSi − hSi(x, y)
s
(5.1)
with dSi the etch depth on the silicon slab, d0 = 50 nm and the etching selectivity s = 2.
Naturally, the etch depth of the silicon layer is given by the diﬀerence between the layer
thickness in the SOI tSi = 500 nm and the desired height map hSi from ﬁgure 21b. Note
that (5.1) assumes constant etching selectivity throughout the whole process. In our case,
the etching tool uses a lighting step of about 8 s with diﬀerent selectivity before the actual
process is established. This step is acceptable at the beginning of the process if it only etches
the PMMA, i.e., the regions with least resist are thick enough to last the complete lighting
step without exposing the silicon layer. Once the silicon is exposed, the selectivity must
remain constant, hence we cannot stop and restart the process—the required thickness must
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be etched in a single run—so careful calibration of the etch time is required. The resulting
GRIN medium is shown in ﬁgure 22. We can see from the SEM images that the surface seems
very smooth.
5 µm
4 µm
10 µm
A B
C
Figure 22 SEM image of the fabricated multimode bend. (a) The silicon layer is patterned
with the desired height map by grayscale lithography on PMMA and etching. (b) Close up of
the bend showing the smoothness of the etched surface. (c) Connection between the end facet
of the GRIN bend and the straight multimode waveguide. This connection must be matched
to avoid mode mixing.
After the GRIN medium fabrication, we patterned the remaining waveguides using
conventional electron beam lithography process. One last lithography step was used to
deﬁne input and output focusing grating couplers [94–97] with period of 520 nm and etched
depth of 140 nm. The complete system can be seen in ﬁgure 23.
5.3 Modal Crosstalk Measurement
Measurement of the mode mixing was performed on the fundamental mode of the 4 µm wide
waveguide (same as in the simulations in ﬁgures 19 and 20). Light at 1550 nm was coupled
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Figure 23 Optical microscope image of the complete multimode
testing link. The input and output gratings are connected to single
mode waveguides, which in turn are connected to the multimode
bend through long tapers, such that only the fundamental mode is
excited at the bend input and, likewise, only the fraction of power
in the fundamental mode at the output is transmitted by the taper.
Any higher order modes excited along the bend are radiated and
converted into transmission loss in the link.
into single mode waveguides via a grating coupler. The waveguide is adiabatically expanded
to a width of 4 µm, so that only its the fundamental mode is excited, and then connects
to the optimized multimode bend. After the bend another adiabatic taper connects it to a
single mode waveguide that is coupled out of the sample by an output grating (see ﬁgure 23)
and then detected by a power meter.
Because of the long taper after the bend, only the fundamental mode of the multi-
mode waveguide is coupled to the single mode one. This way, any higher order modes that
are excited in the bend due to inter-modal mixing will be radiated away, and the transmit-
ted power by the system will be proportional to the transmission of the fundamental mode
through the multimode bend plus the base insertion loss. We compared the transmission of
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our optimized bend to a circular multimode bend and to a conventional single mode bend
(without tapers) as base insertion loss reference. The results, displayed in table 2, show that
the optimized bend not only outperforms the circular multimode bend, as expected from the
simulations, but also has similar performance to a single mode bend for the transmission
of the fundamental mode, indicating minimal mode mixing. We also believe that the losses
inevitably introduced by the grayscale fabrication are compensated by the naturally lower
losses of multimode waveguide, giving the optimized multimode system the same total inser-
tion loss as the single mode one. The diﬀerence in transmission between the two multimode
bends, approximately 14.5 dB, agrees very well with the simulations in ﬁgures 19 and 20,
which show a diﬀerence of 13.6 dB. The distribution of measurements collected from the
multimode samples are also displayed in ﬁgure 24.
Table 2 Transmission measurements for each type of fabricated bend when
excited with the fundamental mode. Only the power output in the fun-
damental mode is measured, such that inter-modal mixing reflects in the
transmission loss.
Bend type Samples
Transmission
Mean Mean (dB) Median (dB)
Single mode 11 0.5 ± 0.2 -2.6 -2.9
Circular multimode 11 0.02± 0.01 -17 -17
Optimized multimode 25 0.6 ± 0.2 -2.5 -2.2
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Figure 24 Histogram of the transmission loss for the circular and
the optimized bends, reﬂecting the degree of excitation of higher
order modes along them. The optimized GRIN bend shows a gain
over the circular one by approximately 14.5 dB in average on the
transmission of the fundamental mode.
5.4 Conclusions
In this chapter we demonstrated the power of TO in large-scale inverse design problems to
enable multimode photonics on chip. Using our grayscale electron beam fabrication platform
we show that routing signals in multimode silicon waveguides can be as eﬃcient as on single
mode waveguides, enabling the future possibility of modal multiplexing and ultra-high data
rates.
Challenges in the fabrication of these structures are directly related to the sensitivity
of the process to environmental and process conditions, including, as of now, the operator.
These limitations are, nevertheless, not fundamental, and can be overcome with automation
of the steps still conducted by hand, and possible development of low contrast resists for less
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sensitive calibration curves.
The demonstrated bend is a ﬁrst example of device using this design and fabrication
platforms for multimode photonics, and already display eﬃciency on par with their single
mode counterparts and far superior than circular multimode bends.
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6
Concluding Remarks
& Future Directions
The spread of TO and the progress in metamaterial theory and fabrication leveragedthe growing interest of the scientiﬁc community in novel electromagnetic devices.
From the original cloaking proposals to the research in super-resolution imaging, many ideas
in the emerging ﬁeld of complex media remain to be explored.
Our main objective within this work was to demonstrate the possibility of realizing
complex devices and GRIN media in the optical domain, with special interest in integrated
photonics. Integrated photonics remains one of the best candidates for future ultra-high
data rate interconnects, and it is our belief that complex media can play an important role
in enabling this technology to move from the optical table to the packaged product.
We started by reviewing the theory of TO and the ﬁeld of metamaterials, as well as the
strong connection between the two. The eﬀort in bringing those ideas to optical frequencies
faces two main challenges: natural materials oﬀer a smaller variety of parameters than in
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microwaves or RF, and nanostructured metamaterials require length scales not yet available
through conventional fabrication processes. These issues result in additional constraints and
compromises in the design of GRIN media, either by TO or any other method. The use of
resonant metamaterials is usually followed by high losses, due to the poor characteristics of
metals at optical frequencies. It also means more complex structures, making non-homoge-
neous media fabrication impossible as of now. By avoiding resonant responses we require
that constitutive parameters lie in the range of naturally occurring values, which means that
no magnetic materials can be used. Similar to resonant metamaterials, anisotropic dielectrics
can be demonstrated, but non-homogeneous versions are still in very early development.
By choosing to constrain our designs to media deﬁned by a non-homogeneous, isotropic
refractive index distribution we are capable of implementing them using only dielectrics. We
use planar devices, where the in-plane eﬀective index plays the role of the designed index
distribution. This way, we can freely control the propagation index by the geometry or
eﬀective material in our vertically conﬁned slab waveguide. Three fabrication platforms
were developed based on these control parameters for near infrared frequencies. They were
demonstrated by implementing complex GRIN devices.
We ﬁrst demonstrated optical invisibility cloaking by hiding a region of space from
any external observer. The GRIN medium was composed of nanometer-size silicon pillars
whose density is proportional to the local eﬀective index. The main advantage of this plat-
form is that it only employs conventional, well developed fabrication techniques. On the
downside, the ﬁnite ratio between wavelength and nano-structure dimensions inevitably lead
to scattering losses.
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An alternative solution was proposed in the fabrication of a ﬁber-to-waveguide coupler
mediated by a Luneburg lens, a GRIN aberration-free spherical lens. By directly sculpting
the silicon surface with a FIB we vary the thickness of the slab waveguide and generate the
required eﬀective index distribution. With the small resulting surface roughness, scattering
is well controlled. However, heavy ion implantation and damages to the crystalline structure
of the silicon layer result in absorption in the GRIN material.
The Luneburg lens demonstration was also one of the ﬁrst demonstrations of a com-
plex device integrated with a conventional nanophotonic system, whereas thus far, most
demonstrations involved standalone devices only. The addition of the lens results in a more
robust ﬁber-to-waveguide coupler, decreasing its sensitivity to misalignments, and represents
the ﬁrst step in using GRIN devices to improve conventional photonic designs.
Continuing the development of a low loss platform for complex media and further
integration with conventional nanophotonics, we proposed the use of grayscale electron beam
lithography to pattern the silicon slab in the same way as we did using the FIB. The main
challenge in this process is the requirement of careful calibration and characterization of each
fabrication step. Once that is done, low surface roughness and low losses can be obtained.
This platform was used to demonstrate the possibility of routing an optical signal in
a multimode waveguide without mode conversion. We designed and optimized a multimode
bend based on TO with minimal modal mixing, indicating the possibility of using modal
multiplexing in future optical communication channels along with wavelength multiplexing,
increasing their transmission data rates by folds. The insertion loss of our multimode bend
for the fundamental mode was the same as the insertion loss for a single mode bend.
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Many possibilities are left as continuations of this work. Research in modal multiplex-
ing is progressing fast in free-space and ﬁber optics, so it is natural that integrated photonics
should follow in the same direction. But the optimization process developed for multimode
photonics can also beneﬁt other areas, in special non-linear optics, since the designed devices
preserve not only the mode shapes, but also their relative phase, enabling phase-matched
processes in mutimode devices—an additional degree of freedom for dispersion engineering.
Multimode resonators is another direct path of research that follows the development of
multimode waveguides, working as add-drop ﬁlters for modes, in analogy to the ones for
wavelengths.
Of course, many improvements are still necessary in the fabrication process itself.
Use of local oxidation techniques to decrease surface roughness or completely deﬁne the
eﬀective GRIN medium are promising ideas, as well as working with SiON ﬁlms to vary both
the material index and thickness simultaneously. Other material platforms could also be
interesting, such as SiC to enable the use of anisotropy, or AlN for electro-optic control of
adaptive GRIN devices.
In all, the ﬁeld of complex materials, and in particular GRIN media, has just now
started to be explored, and still holds many opportunities for novel research, either in fabri-
cation techniques, devices, or basic electromagnetic eﬀects. We believe that our work is an
important part in enabling these new ideas, allowing for the continued progress of complex
devices in the optical domain.
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